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Abstract

The purpose of this study was to investigate vibrations seggion control methods of
image transfer belt system which is widely applied in imagerfation procedure of
printers and copy machines. The study focused on vibratiansed by loading torque
of printing medium when delivered into the machinery. Thstegn was modelled as
a four-rollers-belt with a stepper motor based on exist egtpa. Equations of motion
and vibration of the four-rollers-belt system were estdi#d. Two types of description
about the vibration in image forming part of belt, stretchitisplacement and absolute
displacement were selected as main inhibited quantitiegactts on the two quantities
by several parameters of the system, includgng's modulus of belt, rotational
stiffness of motor coupling were studied. Additional flywheeld dpnamic absorbers
were used to improve the system performance, and an evaifatiction was defined
to estimate the féects. The results indicated that the two devices reducedntbe
displacements, and the outcomes varied &emint attached locations and moment of
inertia. It confirmed that by adding a flywheel with large tigeon burden roller, or a
dynamic vibration absorber on drive roller could achievedresuppression results.

Key words : intermediate transfer belt (ITB), vibration suppresswiigel, dynamic
vibration absorber, printer, mode separation

1. Introduction

Printing is a competitive and worldwide industry since s and copy machines have

been widely used in moderrifice document processing. For high-speed printing techgplog
electrophotography (EP) or xerography is the technologshoicé™). Due to the increment
in market demand for color products, technological chajésrin achieving high-quality print-
outs have been significantly increased.

Xerography is a dry photocopying technique invente@€hgster Carlsonin 1938, and it

is the foundation technology for laser printers and phgpéers to come. There are six basic
steps during a conventional xerography process: chargimpsure, developing, transferring,
fusing, and cleaning. Each step relates to print qualityafaerography printer. As the in-

creasing demand for high-speed color printing, the inteliate transfer belt (ITB) has been
generally applied in image forming and transfer processtebd of transferring the image
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onto printing medium directly, a belt passes through midtgifferent color imaging stations
positioned in series along the circumference to creatd-@@lbr image on its surfaée). The
full-color image is then transferred from the ITB to prirgimedium. Therefore each color
planes formed on the ITB is closely related to the final pnigtjuality. A general problem
associated with this process is the misregistration orligisaent of one or more of the color
planes. Researches have shown that mechanical comporenitsdtice vibration or trans-
mission deviation, which can cause the misalignifiefit’. And among these many factors,
the loading torque of printing medium when transferred priaters has been one of the dis-
turbances.

Many methods have been investigated to prevent the misaégh and they have achieved
some dforts. Some researches have focused on improving struéturexample, providing
an ITB having one or more steering ribs formed into the befirevent it from slipping on
the drive roller or prevent a zig-zag motidn. Others have been conducting velocity control
of stepper motor and photoconductive drum with plant disaace included generaffy ).
However, little has been documented in the attenuationmraliation of vibrations caused by
loading torque of printing medium specifically through duafial apparatuses. An advantage
of velocity control is its ability to reduce system sensitiio uncertainties. But with a single
actuator, expectation can not be achieved. Moreover th@lcation of the printers without
detailed model aggravates the design.

In this paper, a four-rollers-belt system model with exwmta force was proposed to
simplify the existing ITB system. Mathematical descripgovere established based on the
model, and influences of several parameters on the system stedied. Instead of com-
plex controller, the flywheel and dynamic vibration absonvere introduced to the system
to inhibit the vibration especially in the image forming paf the ITB. Several cases were
studied through changing the attaching location and mowifgngertia of the devices. Results
indicated that rotational sthess between drive roller and stepper motor could reduce-the
bration. And an evaluation function defined in this studynp@il out that by adding a flywheel
with large moment of inertia on burden roller, or a dynamlaration absorber on drive roller
both could succeed in the desired consequences.

2. Nomenclature

E : Young's Modulus of belt km : Rotational sfifness between drive
A: Crossing area of belt roller and stepper motor
X : Displacement of the tension appara- T. : Loading torque of printing medium
tus [M],[K], [C] : Mass, stifness, damping ma-
k: : Stifftness of the tension apparatus trices of the system
a, B Angular position of the tension ap- [Mq], [Kg],[Cq] : Modal mass, sftness,
paratus damping matrices of the system
m, : Mass of tension roller [Me], [Ke], [Ce] : Effective mass, diiness,
Om : Rotational angular of stepper motor damping matrices of the system
6m : Angular acceleration of steppermo-  u, A : codficient in Rayleigh damping
tor model
6;(i =1,2,3,4) : Rotational angular of roller  us,us : inertia ratio of flywheel, dynamic
éi(i =1,2,3,4) : Angular acceleration of vibration absorber
roller I+ : inertia of flywheel
ri(i = 1,2,3,4) : Radius of roller la, Ka, Cq : inertia, stitness, damping of dy-
li(i = 1,2,3,4) : Inertia of roller namic vibration absorber
ki(i = 1,2,3,4): Stiffness of belt ke, Ce : codticient of dynamic vibration ab-
li(i = 1,2,3,4): Length of belt sorber

3. Modelling of Basic Four-Rollers-Belt System

A four-rollers-belt system was built up in this study as adifired model of ITB system
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in image forming apparatus, sincferts of assistant rollers on the whole system were not so
much significant. Equations of motion and vibration undee¢hassumptions were obtained
in this section. Follows was study aboufexts of parameters on the system. The excitation
force modeling was also included in this part.

3.1. System Description

Figure 1 graphs the architecture of four-rollers-belt sgstthat contained four main
rollers, four parts of transfer belt, an additional tensigparatus, and a stepper motor. The
four rollers that functioned most during image transfercess were named as: burden roller
(BR) where the printing medium was carried into printerssten roller (TR) where the ten-
sion apparatus was attached; drive roller (DR) which cotatem a stepper motor that pro-
vided drive torque; adjust roller (AR) set as an assistalfgnro

The following three assumptions were applied to simplify thathematical expression

drive roller

stepper
motor

burden roller

Fig. 1 Four-rollers-belt system

establishment:
(1) Each part of the belt was modeled as a spring.
(2) Slip between roller and belt was out of consideration.
(3) Stepper motor rotated in a constant angular speed.

. . EA
Under assumption (1), the Stiess of belt was calculatedlas= T Based oriNewton’s
Second Law and assumptions above, the equations of motion were asviollo
1161 = —(0171 — Oara)Kary + (B2r2 — 0171 + X SiNB)kary + Ti
|2é2 = —(92I’2 —Oir1 + XtSi nﬁ)klrg + (93['3 — Ooro + X Sina/)kzrz

. . 6
I303 = —(03r3 — Oa2r2 + X SiN@)Korz + (04rs — O3r3)kars + |<m(ﬁm — 63) 1)

1402 = —(Oara — 61r1)Kara + (6313 — 64T 2)Kal 4

Mo = —kexe — (Bar2 — 0111 + % SINB)Ky SiNB — (B3r3 — ar2 + X Sina)kz Sinar
Rotational angular speed can be separated into staticqhrtilaration parts; = é_i+ Aédi =
1,2,3,4,m), therefore rotational angular and acceleration were gbdrinto: 6, = ot +
AG;, 9| = Aéi (i=1,23,4,m).

Also under steady rotation status and assumption (2) thefirig equation was valid:

rig =r;0; (i,j=1,2,3,4,i # ).

Equations of vibration of the system were obtained by stilistthe formulas above into
equation (1):

|1Aél = —(Agll'l - A94r4)k4r1 + (A92I'2 — AO1r1 + % sin,B)klrl +TL

|2Aé2 = —(A@zrg — AOir1 + XtS| nﬁ)klrz + (A93r3 — AOorp + X Sina')kzrg

|3Aég —(A93I'3 — Abrrp + XtSi na')kzl’g + (A94I'4 - AQgI’g)K’;rg - k.nAgg (2)

|4A94 = —(A94r4 - A@lr]_)k4r4 + (A93r3 - A94r4)k3r4

Mp ¥ = —keXe — (ABara — A1 + % SiNB)Ky SINB — (Afsr3 — Abarso + % Sina)ks Sina

Equation (2) was transformed into matrix form by definingteecx = [A61, ABa, Afs, Abs, %],
and it was expressed adv[X+[K]x = [P]T.. This matrix formula was purely based on phys-
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ical principle and excluded the damping factor that existhinamic analysis of structures and
foundations. Most damping is caused by viscosity in readibd Rayleigh damping model is
widely applied to researches.

The framework of Rayleigh damping model is that the dampawdr is a linear com-
bination of mass factor and ftiess factor from a system. And it is shown as follows:
[C] = u[M] + A[K]. u,A were calculated from experimental data in this study. THe va
ues werg: = 25, andl = 3x 1074, Therefore the equation of vibration of the four-rollersib
system in matrix form was exhibited as:

[M]X+[C]x+ [K]x = [P] T, 3)
According to suppression purpose, state variable veotbpatput vector were selected
as below:
X = [x X]T
(a6 A6 A6 MGy % AGL Ay A6 A x|
Y={u1 v2 ys vs s us y7]T (4)
=[r1A01 A6, r3A03 140, X%

. 1 .
AO3r3 — ABory + X Sina E(A93r3 + Aborp + X sma)]T

The last two items in output vector markedigsy; represented stretching displacement and

absolute displacement occurring in No. 2 belt. The stregldisplacement described the

stretching amountin the belt as a spring, and the absolspéadiement represented the deriva-

tion amount from the centre point. They were the main quiastib be reduced in this study.
The state space equations of the four-rollers-belt systene expressed as:

X = Amtr X+ Bmer TL

®)

Y = Chpr X+ Dt T
3.2. Parameters Study

Generally, the length and area of each part of belt shoulaimgcponstant but the ma-
terial can change. Also the tension apparatus could be rhadjissted. Thereforefkects
of Young's modulusk, tension roller's masay, stiffness of the spring;, and the rotational
stiffness between drive roller and motgg on the system were investigation objects in this
section. Table (1) exhibited value of each parameter of ystnee, and symbols in blue rep-
resented the standard value for the four subjects.

Figure 2.a, 2.b, 2.c, 2.d graphed the results undéeraint parameter value separately,

Parameter Symbol Value
length of belt i(i=1234) 0.2m
area of belt A 3.6x107° (nP)
radius of rollers ri(i=124) 0.014m
radius of drive roller ra 0.01675 (n)
inertia of rollers li (i=1,24) | 6.45x10° (kgn¥)
inertia of drive roller I3 1.32x 10°% (kgnr)
position angular a, B 45 (degree)
Young's modulus E 3.4x 10° (MPa)
tension roller’'s mass my 1 (kg)
stiffness of the spring ke 1.38x 10* (N/m)
rotational stifness Km 39 (N - m/rad)
Table 1 Parameters of four-rollers-belt system.

and the maximum calculation angular frequency was, = 5000rad/sec

Figures above indicated that stretching displacement was rulnerable than absolute
displacement. However larger rotationaffstess between DR and stepper motor could reduce
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Fig. 5 System performance withftirent rotational stiness between DR and stepper

motor

both these two quantities. Also natural frequencies of ifstesn varied as the parameters
changed which satisfied physical principle.
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3.3. Modelling of Excitation Force

The loading torque of printing medium was the excitatiorcéoto the four-rollers-belt
system, and it was the disturbance to the system. Building odel from mechanism is
complicated due to the loading torque is related to manyfacsuch as printing speed, paper
thickness, and material properties. Therefore a half sinetfon obtained from experimental
data was used in this study, and the mathematical expressien

TL(t) = —0.5sin(106rt) 0.1s <t < 0.11s At = 0.01s (6)

The spacing time was @1 seconds, and the maximum loading torque wa@\D« m).
Fourier transformation was conducted on the excitationdan order to analysis with
the frequency response of the four-rollers-belt system:

TL(jw) — _ ~0.11jw + exp—O.ljm) (7)

501
w? — 100Pn2 (exp

4. Vibration Suppression Methods

Some parametergfact the performance of the system significantly accordingsalts
of parameters study. So vibration could be suppressed bigtiatj the value properly. How-
ever most of the values were already fixed because of the ptiodudemand. On the other
hand, the absolute displacement did not vary frequentherdfore it was more feasible to
reduce the vibration by adding suppression devices.

Flywheel and dynamic vibration absorber were chosen invtloid due to their simply
structure, low spending cost and higfi@ency. Several cases includingtérent attaching
location and inertia of the device were investigate to fintdaptimum.

Flywheel is a rotating mechanical device that is used teestational energy. Flywheels
have a significant moment of inertia, and thus resist chaimgegational speed. This device
is widely used in vehicle industry due to the simply mechawrésd low cost. The moment of
inertia of drive roller which was almost twice of other roBavas chosen to the reference for
flywheel: I+ = usls

4.1. Dynamic Vibration Absorber

The dynamic vibration absorber is classic engineeringadggwonsisting of a mass, a
spring and perhaps a damper, which is attached to a vibrataig system so as to attenuate
it undesirable forced vibratory response.

The first mathematical treat of the passive dynamic vibretiosorber, which is attached
to an undamped force excited primary system, was give@itgondroyd and Den Hartog.
A detailed investigation and a discussion of optimal tunamgl damping parameters is to
be found in the well known book bipen Hartog. Figure X shows a simply constitution
of dynamic vibration absorber attached to an undamped esidegree-of-freedom system:

my, kp is the mass and $fhess of main system, antd,, ks, c; belong to dynamic

Fig. 6 Structure of dynamic vibration absorber on a SDOFesyst
vibration absorber. There are several parameters definfeti@ss:
o) = /klw_ ,ka,u—mav—wl
- T a — s Ma— > - T >
my My my Wa
Ca _ Ca
2Myws  2uagvymuows
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The optimal tuning condition is when:

1 3ua

Vopt = T+ #a’ Sopt = 78(l+ )

Combining formulas below, the optimal parameter for dyrawitbration absorber is:

Ma = palM
Ka = pa(1 + #a)zkl

o - _HMa 3uakimy
7 1+ pa N 2(1+ pa)

The parameters in the four-rollers-belt system was nottiguted directly since the main
system was a multi-degree-freedom one and the variables eggnbined with each others.
By change full mass matrix, ffiness matrix and damping matrix intiective mass, dfiness,
damping matrix, the system could be separated into sevBX@Fsystems.

(8)

4.2. Mode Separation of Four-Rollers-Belt System

When the mass matrix is post-multiplied by the mode shapéxijdi], and pre-multiplied
by its transposed]", the result is a diagonal matrix, shown below. It is defimitaf modal
mass. This is also used to theflstess matrix, and since the damping matrix is a linear com-
bination of mass and $hess matrix, the modal damping matrix is diagonal too.

[Md] = [@]"[M][®], [Kd] = [@]"[K][®], [Cal = [®]"[CI[®]

The former coordination was converted to modal coordimatie [®]xy and substituted
into equation (4). The modal matrix form of the equation ddrations was exhibited as:

[Ma] %4 + [Ca] X4 + [Ka] X = [Pa]u (9)

Each mode can be interpreted as a mass-spring-dashomhsysnode analysis. The follow-
ing transform namedftective matrices expression was conducted to guaranteadfiateon
force functioned united:

[Me] = [PI[Pa] [Md], [Ke] = [PI[Pa]*[Kdl, [Ce] = [PI[Pd] *[Cal
Finally the dfective matrices expression of the four-rollers-belt systeas indicated as:

[Me]Xq + [Ce] Xg + [Ke] X = [P]u (10)

It meant the four-rollers-belt system that contained mplétdegree of freedom was divided
into five modes that was of single degree of freedom. Moresinee each SDOF system con-
tained damping factor, the original calculation about paters in dynamic vibration absorber
should be adjusted. So the parameters of dynamic vibratisarher in this study should be
calculated as:

la = uals
la
Hei = "
el

Ka = Kettei (1 + 116i) °Ke

e = o.M 3uekKeile
T 1 e N 2(1+ pa)

whereke, C. are the cofficient to adjust the value of fiiness and dampings is inertia ratio
between dynamic vibration absorber and [pR,is the equivalent inertia ratio responding to
each mode, ankly, | are the &ective stifness and mass of thie¢h mode respectively.
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4.3. Evaluation Function

An evaluation function was defined in this part to appraise ghppression results of
flywheel and dynamic vibration absorber. Based on the ptgmdrFourier transform and
linear time-invariant system, the magnitude of system wiutan be calculated by (jw)| =
[H(jw)| - ITL(jw)|, whereY(jw) is the system outpuT, (jw) is the loading torque, and(jw)
is the frequency response of the systéffiw) only reflected the information about the system
and disturbance which irrelevant to human visual sengjbiliherefore a visual transfer func-
tion (VTF) from psychological evaluation was introducedtliis study. And the evaluation
function was defined as:

1 Wmax . . .
J = Zfo IY(jw) * VTF(jw)Pdw (i = 1,2,3,4,5,6,7) (11)
Js, J7 that represented stretching and absolute displacemeatmainly inhibited items.

5. Simulation Results

In this section, system behaviour with flywheel offelient roller, or dynamic vibration
absorber compensated tdfdrent mode was reported.

5.1. Inhibitory Effect of Flywheel

Although the loading torque was functioned on BR directiipration of No.2 belt was
related to both TR and DR. The four rollers were attached tgvehtel with inertia 39 times
of DR separately. The ratios of evaluation function andddad onels/ Js_sd, J7/J7.¢q Were
used to estimate the suppressidivg. The original evaluation functions of the system were
Jod = 1.013x 10720, andJ; g = 1.947x 1077,

Table 3 and table 4 expressed the results combining flywhegia and adding location.
The first row indicated dierent rollers, and the first column listedfdrent flywheel inertia
ratiour, and numbers in red indicated the suppression resultsvach®0 % decrement.

It was shown that adding flywheel on burden roller could redooth the stretching
displacement and absolute displacement significantiygcaalty the former one. Meanwhile
the inertia of flywheel fiected the inhibition results which was flywheel with largeertia
could achieve better performance. However the disadvaritetipis device was that the large
inertia would be another burden to the whole system.

5.2. Inhibitory Effect of Dynamic Vibration Absor ber

Based on the original system performance, the first and semale contributed mostly
in system vibration. Compensation to these two modes madlytgmic vibration absorber
separately were applied to the system on DR. Also in ordezdoce additional inertia to the
systemu, was set to 0.2. Figure 9 and 10 pictured results undisréint mode compensation
with optimal codficients of stifthess and damping about the absorber. And the evaluation
function ratios were listed in table 5.

The codficients were dferent when adjusting fierent modes. For the first mo#lg =
1.06, c. = 2.5, and for the second modtg = 0.49, ¢ = 4.4.The results indicated that dynamic
vibration absorber could suppress both two displacemetht aviow inertia. Also the abso-
lute displacement which was more concerned with image mgisalent was reduced 32% by
compensating on the first mode. The disadvantage of dynaibmiation absorber was that it
could only inhibit the specific mode due to its working prplei. Further more, the cée
cients also fiected the results. Figure 11 pictured the evaluation fonagsults of stretching
displacement with dierentke, ce that the first mode was attenuated.

It was shown that the optimization of the parameters wasiaiportant when designing
dynamic vibration absorber. The proper value from mathamalatertification remained in the
future study.
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Fig. 7 Stretching displacement with flywheel orffdient rollers
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Fig. 8 Absolute displacement with flywheel orfférent rollers

Roller Without | onBR | on TR | on DR | on AR
(J6/ J6_d) 1 0.0066| 10.35| 6.261 | 1.947
(J7/37.2d) 1 0.190 | 0.201 | 0.270 | 0.183

Table 2 Evaluation function ratios by adding flywheel.

6. Conclusion

The present research was carried out on a four-rollerssppstiém which was a simplified
model of the current widely used intermediate transfer @&B) in colour printing technol-
ogy. During colour printing procedure, the misalignmentwrced on ITB is closely related
to the final image quality. Former researches paid moretaiteon the control strategy of
the whole printer system, and little has mentioned abousgeeific disturbance caused by
loading torque of printing medium.

In this study, suppression methods were investigatedeoadtte vibration caused by the
loading torque. Mathematical descriptions of the fouterst-belt system and excitation force
were established. Meanwhile several comparisons wereuoted to investigate thefect of
parameters on system behavior. Considering low cost andléestructure, flywheel and dy-
namic vibration absorber were applied to the system to sagsthe vibration from No. 2 belt
mainly which reflected in stretching displacement and aliealisplacement. Also in order to
estimate the inhibitoryféect, an evaluation function containing both system infdafomeand

human visual sensibility was defined. Cases with variedhittg roller, diferent inertia, and
compensation mode were studied.
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onBR | onTR | onDR | on AR
uf =005 0935 | 1.132 | 1.076 | 1.026
us=01 | 0876 | 1.282 | 1.153 | 1.051
us =02 | 0774 | 1.624 | 1.305 | 1.097
uf =03 | 0.688 | 2.010 | 1.456 | 1.139
uf=04 | 0615 | 2.423 | 1.604 | 1.176
uf=05 | 0553 | 2.851 | 1.748 | 1.210
ue=1 0.350 | 4.973 | 2.404 | 1.340
ue =19 0.014 | 12.580| 5.982 | 1.897
uf =39 | 0.0066| 10.350| 10.350| 1.947
uf =59 | 0.0043| 9.312 | 6.355 | 1.965
ue =79 | 0.0033| 8.698 | 6.402 | 1.974
Table 3 Evaluation function ratio of stretching displaceine

onBR|onTR | onDR | on AR
uf =0.05| 1.005 | 1.003 | 0.999 | 1.000
uf =021 | 1.010 | 1.003 | 0.998 | 0.998
uf =02 | 1.014 | 1.003 | 0.994 | 0.994
uf =03 | 1.015| 1.000 | 0.990 | 0.988
uf=04 | 1.001 | 0.995| 0.985 | 0.979
uf=05 | 1.005 | 0.988 | 0.980 | 0.969
pe=1 0.956 | 0.938 | 0.942 | 0.908
us =4 0.701 | 0.690 | 0.714 | 0.644
ue =19 0.353 | 0.368 | 0.390 | 0.335
us =39 0.190 | 0.201 | 0.270 | 0.183
us =59 0.127 | 0.137 | 0.196 | 0.125
ue =79 0.100 | 0.102 | 0.157 | 0.093
Table 4 Evaluation function ratio of absolute displacement

Results indicated that rotationalfStiess between drive roller and stepper moftecied
both stretching displacement and absolute displacemehienvéddding flywheel with large
inertia (ur = 39) on burden roller, significant reduction on both disptaeats could be
achieved. Meanwhile dynamic vibration absorber with loertia (u; = 0.2) on drive roller
could suppress vibration down to 70% from the originalitysd\the coéicients in dynamic
vibration absorber parameter§excted the suppression results.

The advantages of the methods proposed in this study wagtipéesstructure and low
production cost. However flywheel would cause large adddiinertia to the system. Mean-
while the system didnt consider the vibration from the sezppotor. Also controlling design
on stepper motor will improve the results since the rotatistitness is one of the vulnerable
factors to the system. Further studies will focus on modetionsummation and controller
design in dynamic.
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